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Canadian Patent Application No. CA 2412664: “Regulatable, Catalytically Active Nucleic Acids”, 2002.
Inventors: Ellington, Andrew, D., Hesselberth, Jay, Thompson, Kristin, Robertson, Michael P., Sooter,
Letha, Davidson, Eric A., Cox, J. Colin, Riedel, Timothy E., Wilson, Charles, Cload, Sharon T., and
Keefe, Anthony D. (Archemix)

European Patent Application No. EP 1364009: “Regulatable, Catalytically Active Nucleic Acids”, 2002.
Inventors: Ellington, Andrew, D., Hesselberth, Jay, Thompson, Kristin, Robertson, Michael P., Sooter,
Letha, Davidson, Eric A., Cox, J. Colin, Riedel, Timothy E., Wilson, Charles, Cload, Sharon T., and
Keefe, Anthony D. (Archemix)

Japan Patent Application No. 2004515219: “Regulatable, Catalytically Active Nucleic Acids”, 2002. Inventors:
Ellington, Andrew, D., Hesselberth, Jay, Thompson, Kristin, Robertson, Michael P., Sooter, Letha,
Davidson, Eric A., Cox, J. Colin, Riedel, Timothy E., Wilson, Charles, Cload, Sharon T., and Keefe,
Anthony D. (Archemix)

Category 4
Scientific Progress and Accomplishments:




RECEPTOR GROUP

Ellington

Statement of problem(s):

(1) There is a general bottleneck in the development of biosensors for sensor platforms. We undertook to
determine whether high-throughput, automated methods could be applied to the development of aptamer and
other nucleic acid biosensors.

(2) Biosensors typically require immobilization or other complex handling in order to signal the presence of
threat agents. For example, PCR frequently requires the extraction of DNA or RNA, sandwich assays require
wash steps, and so forth. We were interested in identifying reagents that would react in solution to directly
yield signals, or that could be readily mounted on sensor platforms without the need for multiple processing
steps.

Statement of solution:

(1) Under the ARO-MURI, we acquired robotic workstations and developed specialized hardware, software,
and protocols for the high-throughput selection and arraying of aptamers. We have also developed
bioinformatics methods and tools that can be used to handle the large amounts of data that these selections
generate. More detail is provided in points (1) — (4), below.

(2) We furthered the development of allosteric nucleic acid enzymes: aptazymes. Aptazymes are unique
reagents that can recognize small molecule or protein analytes and convert non-covalent recognition into a
change in covalent bond state. These changes in covalent bond state can in turn be directly coupled to optical or
other sensor readouts. During the execution of the ARO-MURI we developed a number of aptazymes and
adapted them to a number of sensor platforms. More detail is provided in (5) — (7), below.

Summary of most important results (relevant publications cited):

(1) We acquired a number of high end robotic workstations, and developed specialized hardware, software,
and protocols for automated nucleic acid selections (Sooter et al., 2001; Cox et al., 2002). We can now
carry out up to eight selections in parallel and complete six selection cycles in a single day. This is at
least a hundred fold increase in throughput over manual methods. These technical innovations have
already proven to be of military relevance, in that a biosensor we have selected against the protective
antigen (PA) of B. anthracis is in field trials.

(2) Adaptation of nucleic acid sensor elements to the electronic tongue (ET; Kirby et al., 2004). During the
execution of the MURI proposal, we worked with John McDevitt and the electronic tongue group on
adapting functional nucleic acid sensor elements (hybridization probes, aptamers, and aptazymes) to the
electronic tongue (ET). The bead-based nucleic acid sensor elements proved were readily adapted to
and functioned well in the context of the ET.

(3) We also developed simple methods for printing nucleic acid chips that can be used with COTS
technology that is typically applied to gene expression microarrays (Collett et al., 2005). Using these
technologies, hundreds of aptamer spots can be printed and protein targets can be detected in the pg / ml
range, which is well within the concentration range of many cellular proteins in a lysate.
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(4) We have generated software tools that can be used to archive and analyze the large amounts of data that
are derived from selection experiments (Lee et al., 2004). In particular, we created and continue to
maintain the Aptamer Database (www.aptamer.icmb.utexas.edu), the only complete compendium of
aptamer sequences. This was especially important, as aptamers are not catalogued in GenBank. We
have also developed tools to identify short and compare short motifs in natural and unnatural sequence
libraries.

(5) Optimization of an aptazyme ligase. We had previously selected an aptazyme ligase (L.1) from a
random sequence population. During the course of the award, we carried out additional selections to
optimize the speed of this ligase, reduce its size, and better understand critical sequences, structures, and
reaction mechanisms.

(6) Adaptation of the aptazyme ligase to novel analytes. The initial development efforts with the L1 ligase
were against small anaytes, such as ATP and theophylline, and involved appending aptamer domains to
the ligase, leading to ligand-gated conformational changes. However, when the same approaches were
tried with protein analytes there was little success. We reasoned that binding of larger protein analytes
led to steric hindrance of ligand-gated conformational changes. We therefore randomized the catalytic
core and allosteric binding site of the L1 ligase, and selected for aptazymes that were dependent upon
protein targets. We obtained ligases that were up to 100,000-fold activated in the presence of their
cognate protein analytes, and that could discriminate against non-cognate analytes based on both
sequence and tertiary structures. These protein-dependent aptazymes were new and unique molecular
reagents that continue to be studied and used throughout the sensor community. Aptazymes were also
adapted to function in cells (Thompson et al., 2002).

(7) Generation of an aptazyme ligase array. In order to show how aptazyme reagents could be used for
array analyses, we were able to react and immobilize aptazymes in parallel, such that small organic,
oligonucleotide, peptide, and protein analytes were identified in parallel. This was the first (and to our
knowledge remains one of the only) examples of how a single type of molecule could be used for the
recognition of a widely divergent set of analytes (Hesselberth et al., 2003).

(8) Generation of novel enzyme reporters. In order to enhance the signals that could be garnered from
aptazyme and other biosensors, we wished to generate robust enzyme reporters that would operate in a
variety of environments. To this end, we used directed evolution and shuffling methods (Faulkner et al.,
2004) to generate variants of the well-known reporter enzyme beta-glucuronidase that were resistant to
low pH, to modification by aldehydes, and to thermal denaturation (Flores and Ellington, 2002). We
have subsequently recombined these various mutations to make GUS variants that are extremely robust
to a wide variety of conditions.

(9) Establishment of a biosensor community at the University of Texas at Austin. One of the goals of the
ARO-MURI from its incept was to strengthen interactions between a wide array of researchers on
campus. As aresult, the Ellington lab continues to collaborate with the Shear lab, the Willson lab, the
Georgiou lab, the Anslyn lab, and the McDevitt lab. In particular, Shear and Ellington have recently
developed technologies for the photopolymerization of protein architectures that may be useful for
probing neural networks, and (in collaboration with David Shine at Baylor) have pitched these results to
DARPA for spinal cord repair and regeneration. Similarly, the Ellington lab continues to work with the
Willson lab on the seminal development of MUFFINS technologies for biosensing and multiplexing.
Neither of these interactions would have come about without the MURI award.

(10) Engendering corporate transitions. The biosensor work carried out under the ARO-MURI has
transitioned to the private sector. In particular, automated selection experiments are carried out by
Archemix (Boston, MA), a company started by Dr. Ellington for aptamer therapeutics. Dr. Ellington
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currently works with Echo Technical, an Austin-based company, on the development of a miniaturized
biosensor suite (the BRIEFCASE) that can be used for assaying biothreat agents in the field. Finally,
based on experiences that were garnered through the ARO-MURI and interactions with military
personnel and agencies, Dr. Ellington continues to perform research of relevance to the DoD through
SBIR and STTR grants with a variety of companies. Essentially, the high-throughput methods touted in
(1), above, have now allowed the Ellington lab itself to act as a high-throughput supplier of aptamer
biosensors to the private sector.

Georgiou / Iverson

Statement of problem(s):

Our work has focused on the development of high throughput technologies for the generation of ultra-
high affinity antibodies for diagnostic and therapeutic applications. Specific emphasis was placed on the
development of antibodies for the detection of the protective antigen protein (PA) of Bacilllus anthracis.

Summary of most important results:

e Invented a pair high throughput screening methodologies (Periplasmic Expression and Cytometric
Screening (PECS) and Anchored Periplasmic Display (APEX)) for the efficient isolation of very high
affininity antibodies from large, combinatorial libraries expressed in E.coli bacteria
Isolated antibody fragments that neutralize the Protective Antigen (PA) component of the Bacillus
antthracis exotoxin with picomolar affinity
Demonstrated that the high affinity anti-PA antibodies confer protection against challenge with
holotoxin in the rat model
Showed that antibody fragments conjugated to polyethylene glycol (PEG) for extending their half life in
serum confer protection towards very heavy challenge with inhalation anthrax. The antibody fragments
were able to confer protection even though the lacked an Fc region and therefore were unable to recruit
immune cells or complement. These results demonstrated that neutralization of a key virulence factor,
in this case the PA protein is sufficient to mediate clearance of pathogenic bacteria.

Developed methods for the efficient production of antibody fragments in bacteria engineered to have a
cytoplasm that allows the formation of disulfide bonds, thus allowing oxidative protein folding to take
place.

Jointly with the Ellington lab we developed methods for the parallelization of antibody and aptamer
isolation.

Anslyn

For the analysis of individual analytes in a complex mixture, the use of a unique, highly selective
receptors is typically required for each analyte to be detected. An alternative approach is to use devices that
rely on a series of chemosensors where analysis of complex mixtures arises from patterns produced by the
combined response of all the chemosensors in the array. This approach has been particularly successful for
vapor phase analysis.

Patterns can also be created that are diagnostic for single analytes. We previously postulated that
combinatorial receptors biased towards a class of analytes would be effective in an array setting for the analysis

13




Normalized Absorbance Normalized Absorbance

PC2 (16.1% Variance)

of structurally similar analytes in solution. Using in part funding from MURI, we demonstrated the first
instance of solution-based sensing utilizing a combinatorial library of receptors that can differentiate between
nucleotide phosphates.

The receptors consist of a rationally designed core with a binding cleft possessing guanidinium groups.
These guanidinium groups impart an affinity for nucleotide triphosphates, and are appended with tripeptides to
incur differential binding properties. A previously reported screening of this same 4913 member library led to
the identification of individual solution phase sensors that are highly selective for adenosine 5’-triphosphate
(ATP) over guanosine 5’-triphosphate (GTP). The objective of the year of funding was to determine whether
the patterns generated by a library of receptors in an array can discriminate between structurally similar
compounds like ATP and GTP.

Thirty beads from the library were randomly chosen, given an index number, and placed in a
micromachined chip-based array platform that has been previously reported. The sample is introduced over the
array and passes around and through the beads to exit the bottom of the wells. Red, green, and blue (RGB)
transmitted light intensity values were recorded for each bead in the array over the period of the assay via a
charge-coupled device (CCD).

The signaling protocol used with the array platform was an indicator-displacement assay similar to those
exploited in many of our single analyte sensing schemes. To impart color to the library members an anionic
chromophore, fluorescein, was introduced into the array containing different members from the combinatorial
library of receptors. The cationic receptors associate with the
indicator, bringing about a distinct orange color to each bead.
Blank beads show no orange color indicating little indicator
uptake. Upon exposure to solutions of nucleotide phosphates,
& the analyte displaces the indicator, fluorescein, at different rates
0.92 - °o | and each bead loses color.

The RGB intensity values for the thirty library beads in the array
A are recorded over time after a 2 mL injection of a 20 mM sample
0 100 of ATP, GTP, or adenosine 5’-monophosphate (AMP) in 25 mM
HEPES buffer (pH 7.5). Three trials were performed for ATP,
GTP, and AMP for a total of nine trials, and absorbance values
were calculated by taking the negative log of the ratio of the
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blue channel intensity over the red channel intensity for each
bead. Figure 1A shows a representative normalized absorbance
trace for two of the beads in the array after an injection of GTP.
Figure 1B shows a trace of the same two beads after an injection
of AMP.

Figure 1. Absorbance values over time and principal
component plot. To aid slope comparison, the plots were shifted
so that the initial 30 data points prior to sample injection (not
shown) had an absorbance of 1.00. (A) 20 mM GTP sample in
25 mM HEPES buffered aqueous solution (pH 7.5) while
eluting with 25 mM HEPES buffer (pH 7.5) Bead 23 and Bead
28. (B) 20 mM AMP sample in 25 mM HEPES buffered
aqueous solution (pH 7.5) while eluting with 25 mM HEPES
buffer (pH 7.5) Bead 23 and Bead 28. (C) PCA score plot of the
three trials for each
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The slope of the absorbance values from 210-435 seconds was calculated for each bead in each sample
and used for comparison. Figure(s) 1A and 1B reveal that each chemosensor responds differently to various
nucleotide phosphate samples. The slope of bead 28 differs by 40% between the AMP and GTP trials.
Whereas, the slope value for bead 23 in each plot differs by only 26%. Although, these slopes are easily
differentiated by qualitative visual inspection, the rates of displacement for several trials can be compared more
quantitatively using pattern recognition algorithms.

Principal component analysis® (PCA) was utilized to reduce the dimensionality of the data set. For each
of the nine trials, a slope value was recorded for each of the thirty beads. To identify patterns in the data, a
principal component (PC) axis is calculated to lie along the line of maximum variance in the original data.
Subsequent PC axes lie along lines describing diminishing levels of variance. The coordinates of the sample
relative to the PC axes are termed scores and can be used as an indicator of correlation between analytes.
Proximity in space on a score plot directly correlates to similarities in indicator displacement rates. Figure 1C
shows a two dimensional score plot for the first two principal components (PC1 and PC2) with clustering of the
AMP, GTP and ATP samples with one possible ATP outlier. PCA demonstrates that the array of library
sensors can differentiate between structurally similar molecules such as AMP, GTP and ATP.

Factor loading values can be used to evaluate the individual sensors in the array. The values correspond
to the cosine of the angle between a principal component axis and the original variable axis. Therefore, similar
loading values correspond to similar sensor responses. Furthermore, loading values approaching 1 or -1

Tripeptide | Factor Factor Bead indicate that the individual sensor played a significant role
Sequence | Loading | Loading | Index in the formation of a particular component axis. Nine beads
(PC1) (PC2) | Number | were chosen to be sequenced based upon their factor
Asp-Asn- loading values and the sequencing results are shown in
Ser -0.98 0.14 28 Table 1. Although some beads have nearly identical factor
Phe-Trp- loading values, the sequences do not reveal any particular
Phe -0.88 -0.16 23 homology. Since 86% of the beads in the array had a factor
Thr-Thr- loading value with an absolute magnitude greater than 0.7
Ser -0.88 0.39 33 on PCI1, it is thought that the combination of these
Val-Asn- differential  receptors is necessary for analyte
Tyr -0.84 -0.20 24 discrimination.
Val-Pro-
Ala 0.01 0.21 14
Ala-Met-
Thr 0.17 -0.91 34
Val-Gly-Ile 0.74 -0.46 6
ackias 1 ags 0k 25
Tyr
Thr-Thr-Ile 0.89 -0.36 2

Table 1. Sequencing results and factor loading values for the first two principal components (PC1 and PC2)

In conclusion, we found that the use of a combinatorial library of sensors and indicator-displacement
assays in the context of a chip-based array allows for the differentiation of structurally similar analytes in
aqueous solutions. The coupling of supramolecular chemistry principles with pattern recognition lead to this
new protocol for sensing.
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PLATFORM GROUP

McDevitt
e Adapted the ‘electronic tongue’ to antibody biosensors
e Developed methods to allow the ‘electronic tongue’ to function as an enhanced DNA chip
e Developed sensor array for the detection of aflatoxins
e Adapted taste chip technology for rapid screening and detection of bacillus spores and bacteria

(military, homeland defense)- Testing of the technology for possible use in US Postal System
(homeland defense)

e The taste chip system has been interfaced, tested, automated (with software control of detection and
fluidics system) with bioaerosol collection equipment (military, homeland defense)

e Development and testing of the following types of instruments: a) hand-held taste chip reader (pH,
electrolyte detection), b) shoe box taste chip reader (protein, antibody detection), ¢) smart trigger for
bioaerosol collection and detection units (bacillus spore, bacteria detection).

e Developed CD4-lymphocyte (T-helper) cell counting prototype for monitoring progress of HIV
infection in resource poor settings

Overview: Recent work from the McDevitt laboratory has led to the development of a powerful new
“electronic taste chip” technology. By mimicking the chemical features of the human taste bud, the chip has the
capacity to analyze rapidly the chemical and biochemical content of complex fluids such as human blood and
saliva, environmental samples, and bioaerosol specimens. This technology is extremely versatile, making it
suitable for the measurement of electrolytes, protein antigens, antibodies, whole bacteria and DNA/RNA. While
these chips exhibit impressive analytical and diagnostic capabilities as compared with gold standards (such as
pH meters for acidity, ELISA for protein analysis, FDA approved automated instruments for cardiac risk factors
and planar DNA chips for nucleotide detection), their compact design and low cost also allows for their use in
numerous civilian and military applications which require autonomous operation. Moreover, because molecular
detection is confined to a miniaturized chamber etched into a silicon chip, multiple tests can be performed
simultaneously. Testing requires a single drop of fluid and disposable cartridges, customized for specific
applications can be created using highly parallel chip fabrication and solid-state bead synthetic procedures. This
electronic taste chip technology can be used to identify and quantify analytes in the solution-phase via
colorimetric and fluorescence changes to receptor and indicator molecules that are covalently attached to the
polymer microspheres. Sensor arrays are created by placing individual microspheres into micromachined
cavities in small silicon chips. The optical response of each microsphere is monitored in real-time using a
charged coupled device (CCD), allowing for near-real-time analysis of complex fluids. Most recently,
microbead arrays have been fashioned specifically for the detection of chemical weapons precursors and
degradation products as well as for the identification of bacterial spores from the bacillus family.

The McDevitt group has focused on the design and optimization of the instrumentation that services the
taste chip platform. High quality designs for flow cells have been developed and tested in a variety of real-
world application areas (human medicine, environmental samples, bioaerosols). The development of highly
effective algorithms that can be used to translate the array color information to analyte identity and
concentration has been completed. Furthermore, in collaboration with the Ellington group, work has now been
completed that allows for the efficient adaptation of the taste chip approach for the rapid and direct detection of
DNA oligonucleotides. This work documents a number of significant advances in the following areas: (1) An
elegant approach has been described which affords the simple incorporation of DNA capture probes into porous
microbeads. (2) This biotin-avidin docking methodology allows for use of much longer capture probes than is
possible with current generation gene chips. (3) Unusually high sequence specificity is afforded by the unique
microenvironment within the porous beads. It is likely that the bead arrays will show greater discrimination

16




against non-cognate sequences than conventional DNA chips. (4) Since each bead serves as its own micro-
reactor, multiplexed assays can be readily accommodated using the structure. (5) The inclusion of micro-fluidic
channels and micro-drains at the bottom of the wells that hold the beads facilitates the rapid delivery of analytes
and thus the rapid completion of assays. (6) The 3-dimensionality of the bead along with a chromatography-like
sequestration capability greatly increases the signaling capacity for the bead systems relative to flat chip arrays.
The large signaling capacity may in turn afford the capacity for rapid DNA analyses to be completed using
simple hand-held reader units.

Sensor Array Research Highlights:

1) HIV Microchip Program for Resource Poor Settings: This program combined the expertise of three
groups in an effort to accelerate the development, testing and deployment of a powerful chip-based technology
suitable for the early detection and monitoring of important emerging infectious diseases. Here, Dr. Bruce
Walker, who serves as the Director of the Division of AIDS for Harvard Medical School along with his
collaborator, Dr. William Rodriguez, the Director of International Programs for the Division of AIDS and a
specialist in infectious diseases, provided the medical expertise for the effort. At the University of Texas at
Austin, the laboratories of Dr. John McDevitt and Dr. Dean Neikirk have become recognized leaders in the field
of lab-on-a-chip devices, and have begun development of microchip devices that can diagnose illnesses ranging
A i .‘f& aids RIS from cardiac diseases to anthrax to HIV. This
A KEYgy et ,1& < joint UT-Harvard-MGH program targets the
T A R rapid development and deployment of the
microchip-based technology in point-of-care
diagnostics for the entire range of emerging
infectious diseases. Key to the advances in this
area are efforts which serve to miniaturize
diagnostic systems whereby new nano-materials
and new nano-device concepts are combined so
as to provide complete diagnostic systems that
can operate at the point-of-care with reduced cost.

2) Systems for Sampling and Detection of Bio-aerosols: In October 2001 anthrax spores from two
contaminated letters were released into the occupied environment of the U.S. Postal Service Brentwood facility
in Washington, DC. Two postal workers died from exposure to the spores and 20 others became ill. The
Brentwood facility has been closed since that time. This incident reveals the vulnerability of the mail system to
pathogenic bioaerosols; however, it suggests that if mail
machines were equipped with detectors, not only would
contamination of the postal workers and facilities be
precluded, but also potential recipients of contaminated
mail would be protected. Recent work from the McDevitt
group at The University of Texas at Austin as well as the
McFarland group at Texas A&M University has led to the
development of a powerful bio-aerosol collection and
detection system that is suitable for the rapid and sensitive
detection of anthrax spores in postal settings. The relevant
apparatus has been designed for the collection of aerosols
from a critical region of the machines, and that aerosol is
50 um transported to an aerosol-to-hydrosol transfer stage, where
the particulate matter is deposited into a small flow rate of
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liquid (about 15 drops/min). The hydrosol then flows onto a detector system developed at UT wherein a filter
collects particles, exposes them to a “visualization cocktail” and then automatically detects the bio-signatures
therein via optical methods. Blind tests have been completed demonstrating the efficacy of the new system
using a non-hazardous stimulant for anthrax spores, bacillus subtilus. Response times below 15 minutes and
spore detection thresholds less than 1000 CFU are obtained.

3) Novel Microchip-based Multi-Analyte Assay System for
Detect. Ab Assessment of Cardiac Risk: The development of a novel chip-
based multi-analyte detection system with a cardiac theme is
reported. This work follows the initial reports of “electronic taste
chips” whereby multiple solution phase analytes such as acids,
bases, metal cations and biological cofactors were detected and
D podkdiveis s, quantitated. The newly fashioned “cardiac chip” exploits a
geometry that allows for isolation and entrapment of single

L] polymeric spheres in micromachined pits while providing to each
bead the rapid introduction of a series of reagents / washes through
microfluidic structures. The combination of these miniaturized
components fosters the completion of complex assays with short
analysis times using small sample volumes. Optical signals derived
from single beads are used to complete immunological tests that
yield outstanding assay characteristics. The power and utility of
this new methodology is demonstrated here for the simultaneous
detection of the cardiac risk factors, C-reactive protein and
interleukin-6, in human serum samples. This demonstration
represents the first important step toward the development of a
useful cardiac chip that targets numerous risk factors concurrently
and one that can be customized readily for specific clinical settings.

Capture Ab
(i)

4) Development of Multi-analyte Sensor Arrays Composed of Chemically Derivatized Polymeric
Microspheres Localized in Micromachined Cavities: The development of a chip-based sensor array
composed of individually addressable polystyrene-polyethylene glycol and agarose microspheres has been
demonstrated. The microspheres are selectively arranged in micromachined cavities localized on silicon wafers.
These cavities are created with an anisotropic etch and serve as miniaturized reaction vessels and analysis
chambers. A single drop of fluid provides sufficient analysis media to complete ~100 assays in these microetch
pits. The cavities possess pyramidal pit shapes with trans-wafer openings that allows for both fluid flow through
the microreactors/analysis chambers as well optical access to the chemically sensitive microspheres.
Identification and quantitation of analytes occurs via colorimetric and fluorescence changes to receptor and
indicator molecules that are covalently attached to termination sites on the polymeric microspheres. Spectral
data is extracted from the array efficiently using a charge-coupled device (CCD) allowing for the near-real-time
digital analysis of complex fluids. The power and utility of this new microbead array detection methodology is
demonstrated here for the analysis of complex fluids containing a variety of important classes of analytes
including acids, bases, metal cations, sugars and antibody reagents.

5) Multi-shell Microspheres with Integrated Chromatographic and Detection Layers for Use in Array
Sensors: The initial demonstration of an array-based sensor composed of integrated chromatographic and
detection elements has been completed. The new concepts described here allow for the batch production of
multi-component sensing ensembles whose chromatographic and detection functions can be chemically tailored
to a given application by exchanging either of the integrated elements. Moreover, this work establishes a
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method for the facile generation of a collection of low-selectivity sensors based on a single detection scheme.
Such complementary, overlapping elements are the building blocks of cross-reactive sensor arrays. The
extension of this concept to include various other N, S, O, P-based ligands, chelators, crowns and cryptands
should further enhance the scope and discriminatory capabilities of the outer shells, allowing for the creation of
additional interesting “‘coordination chemistry” theme chips. Furthermore, with the appropriate components, this
integrated technique should be readily applicable to other classes of analytes. Future efforts may exploit
analogous components drawn from various branches of chromatography including molecular exclusion, ion
exchange, and affinity chromatography. Toxic metal cations such as those derived from lead, mercury and
cadmium as well as various radioactive lanthanides can be detected readily with this approach.

6) DNA Hybridization and Discrimination of Single-Nucleotide Mismatches Using Chip-Based
Microbead Arrays: The development of a chip-based sensor array composed of individually addressable
agarose microbeads has been demonstrated for the rapid detection of DNA oligonucleotides. Here, a “plug and
play” approach allows for the simple incorporation of various biotinylated DNA capture probes into the bead-
microreactors which are derivatized in each case with avidin docking sites. The DNA-capture probe containing

microbeads are
O selectively arranged
in micromachined
O cavities localized on
O silicon wafers. The
micro-cavities
} = gt

possess trans-wafer
openings, which
allow for both fluid
flow through the

microreactors/analysis chambers as well as optical access to the chemically sensitive microbeads. Collectively,
these features allow for the identification and quantitation of target DNA analytes to occur in near-real-time
using fluorescence changes that accompany the target sample. The unique 3-dimensional microenvironment
within the agarose bead as well as the microfluidics capabilities of the chip structure afford a fully integrated
package that fosters rapid analyses of solutions containing complex mixtures of DNA oligomers. These
analyses can be completed at room temperature through the use of appropriate hybridization buffers. For
applications requiring analysis of < 10> DNA sequences, the hybridization times and point mutation selectivity
factors exhibited by this lab-on-a-chip bead-array method exceed the operational characteristics in many
respects for the commonly utilized planar DNA chip technologies. The utility of this DNA detection microbead
array methodology was demonstrated for the analysis of fluids containing a variety of similar 18-base
oligonucleotides. Hybridization times on the order of minutes with point mutation selectivity factors greater
than 3,800 and limit of detection values of ~10"'* M are obtained readily with this microbead array system. This
work was recently published in the journal of Analytical Chemistry, acknowledging support from the MURI
program.




7) pH Chip: One of the initial goals of this program has been development and the refinement of the Total
Analysis System for use as a reliable and powerful analytical instrument. Likewise, before attempting complex
multi-analyte detection, it was essential to fully characterize the sensor in a conceptually simple single analyte
environment. With this is mind, a series of pH indicating dyes were immobilized onto the beads with the
assistance of the Anslyn group. In order to ensure a broad analytical range, the dye selection was made so that a
large range of pKa values were covered. Although numerous dye candidates were studied in this context, a total
of six strategic dyes were selected for more careful analysis in the

11 gt context of a customized chip that was optimized for pH detection.

& These six dyes, along with appropriate blank beads, were used to
explore the accuracy and reproducibility of the array for
measurement of this standard analyte.

Careful analysis of the optical response curves reveals that pH
changes as low as 0.01 can be sensed by the array. Furthermore,
while many of the beads lead to accurate measurement over a range
of 2 to 3 pH units, the combination of the six beads affords an
impressive dynamic range that spans 10 decades of concentration.
Beads selected from the same batch of indicator dyes yield very
similar results. Collectively, these results suggest that the sensor
array technology can yield impressive analytical data comparable to
that achieved by commercially available pH meters.

With the new instrumentation, reproducibility, reversibility,
concentration thresholds and response times have by now been
measured for both static and flow-based experiments. Analysis of the
individual beads
optical response
properties yields a bead to bead variance of
only ~2%. These " reproducibility
results suggest that the initial i training set of a
few selected beads can be used to define the
expected optical signatures recorded for beads
prepared from the same L_l batch.
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A 6 by 7 array is shown here using top illumination before wetting and the same system with transmitted
light after wetting. The 42-element array is composed of the indicator derivatized beads as summarized in Table
1. Table 1 also lists the bead locations and known analytes.

Assays in Development by McDevitt group
August 17, 2000

Table 1. Summary of bead types that are included within 42-element amay used for electrolyte
determination.

‘ Bead Array Position Detection Analyte pH
ndicator Molecule(S) e [row,column) Method(s) (lasses) oW Analtes  ooe

-Cresolphthalein . W, Ba". Ca®,
2 samu;m PS-PEG (1,6)(3,8) Abs.  pH, metal cations Mg?, Mo* ~10-12
H*, AI** Hg®, La™,
Xylenol Orange PS-PEG (4.2)}(5.2) Abs.  pH, metal caions Ni<*, Pb™,Y*, (~35 ~G6-8
total)
H*, AI*, Ca”™, Cu?,
Methy Thymol Blue  PS-PEG (4.4)(8.9) Abs.  pH, metal cations Fe™, Mn™ Pb™, ~0.11
Y* (25 total)
Thymolphthalexon  PS-PEG (43}(8.3) Abs,  gHf, metal caons 1 BT ST 540
ymolp SHE. : Mg®, Sm™,Yb*
Chrome Azurnl S PS-PEG (1.7}3.7) Abs.  pH, metal cations W A" O, Fe, ~11
IS - Mg (~20 total)
4 hydroxy3-nitro- +
M qq  PSPEG (15)35) Abs. pH He, ~5-8
Alizain complexone  PS-PEG (1.4)(3.9) Abs.  pH, metal cations H', La®, Ce®,Zr* ~2-12
Ferrocene carboxylic H*, Ascorbate,
asid " PS-PEG (4,6)(B6) Abs. Redox TCNQ
Eosin B PS-PEG (4.5)(8-5) Abs. pH. H*, ~2-6
zi PS-PEG (4,1}(.1 Ab o oo™ - QORI
incon - (4,1%(6.1) s.  pH, metal cations Zn
: H*, protic, aprotic
Fluorescein PS-PEG (4.73B.7) Abs., Fluor.  pH, solvent solvetrls nG-7
Quinoxaline PS-PEG (1,133.1) Abs. Anions F', CI', Br
EtOH, MeOH,
Coumarin/Fluorescein  PS-PEG (1,3}(3.3) FRET Solvents CH;CN, CHaCl,,
DMF, Toluene
Protein Combinatoial oo peg (12)32)  Abs., Fluor. Anions ATP, GTP, AMP

Librany

9) Development of Pattern Recognition Methods: As described above, The McDevitt group has developed a
number of theme chips for customized applications. The results in all of these areas were quite promising.
Likewise, by incorporating automated optical and mathematical analysis algorithms into our procedures, we
have increased the utility of our system. Efforts were also devoted in this task to compare a number of popular
algorithms. Attempts were made to select methods that worked well with our micro-bead array, as well as with
the membrane-based approach. Methods were selected based on their capacity to complete analyses in a rapid
and efficient manner while exhibiting the most accurate characteristics.
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10) Analytical Models: For this task, efforts were devoted towards the development of a basic understanding of
the factors that dictate the response characteristics of the individual beads. Here attempts were made to develop
an analytical model that would allow for a fitting of the experimental curves to theoretical ones bases on the
interplay of variables such as flow rate, diffusion constants, analyte concentration, equilibrium binding
constants, extinction coefficients and path lengths. This analytical model allowed for the more accurate
interpretation of data as well as helped in the design of more effective bead-based analysis systems.

Neikirk

Major technical accomplishments in the last year:

Development of a molded passive fluid introduction system driven only by capillary force.

Demonstration of improved size-selective assembly method for microbead arrays.

Development of a bi-layer check-valve suitable for use with in bead arrays.

Development of a process for integrating electrodes into bead storage wells for use in localized array-based
electrochemistry.

Our primary work under this program was the development of various micromachined platforms to support
bead-based detection. We have fabricated two different sized “micro-well” arrays suitable for both large
(approximately 200 micron) and small (approximately 50 micron) diameter beads. Under partial support from
this grant (co-supported by the NIH) we have completed fabrication and testing of a surface tension driven
sample introduction system. This structure allows the introduction of a sample in an aqueous solution without

requiring any external active pump.

We completed work on the development of an injection modeling processes to produce bead storage wells. For
this process a silicon “master” is first made, which is then used to produce a mold for the production of final
chips. Shown in Figure 1 are several photomicrographs showing molded chip, both empty and loaded with a
bead. Surface finish and dimensional control are not as good as with a directly micromachined silicon chip, but
should be adequate for bead confinement. The obvious advantage of such molded chips would be the extremely
low cost fabrication.




(b) (c)
Figure 1: Photomicrographs of molded chips for bead confinement; (a) before bead insertion; (b) and (c): after
bead insertion; (b) and (c) are identical, with a change in focal plane to show both the top of the chip (b), and
the bottom (c).

Although this process cannot produce integrated cover fingers, it can be used to fabricate some structures that
are difficult to make using only silicon processing. One example would make use of molding to fabricate
“multi-sector’” chips with integrated fluid flow paths, as illustrated in figure 2. In some cases there may be a
need for multi-analyte sensing in which the reagents required for each analyte (or set of analytes) are mutually
incompatible. In such a case, one of the easiest solutions is to fabricate a chip that has separate analyses
chambers, isolated from one another. It can be difficult to directly fabricate leak-tight “walls™ between the
sectors of the chip using only silicon micromachining. However, a master can be made easily by bonding two
separate pieces together, as shown in Figure 2. When this master is used to form a mold, the final injection
molded part is one monolithic part, hence providing the leak free separations between the sectors of the chip.

The master for this device can actually be made quite simply by bonding a raised “wall” pattern around four
micromachined chips.
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We have now also fabricated molded chips that includes an integrated capillary-driven fluid introduction
system. A master is first made by bonding a raised “wall” pattern around micromachined chips, then bonding
two separate pieces together and forming a mold. The figures below show the basic sequence for master
fabrication and the resulting molded chips. We have demonstrated that capillary forces are sufficient to draw
liquid samples into the bead storage wells.




We have also demonstrated effective methods of bead size sorting for both agarose and PS-PEG microbeads
using a micromachined chip that contains integrated top and bottom “cover layers” that act as size-selective
seives. In experiments, bead populations of 95+5 pum, 105+5 pm, 11545 pm, 135£5 pm, 16545 pm,and 200+5
pm have now been self-assembled into an array. With these size-selected beads, different chemistries can be
encoded as a function of bead size, allowing size to be used to distinguish different sensing sites within an
array. By combining this with chemistries encoded as a function of bead size, we should be able to create a self-
assembling multi-anaylte array. To accomplish this, the bottom and top openings of a storage well must be
controlled independently. In our latest chip, both the top and bottom window sizes are fabricated using etched
thin film windows, independent of wafer thickness. Figure 1 illustrates how this can be done. Since in (100)
silicon anisotropic etching will undercut openings in a mask layer until (111) bounding planes are reached, a
mask layout as illustrated will produce a pyramidal storage well of size dictated by the location of the outer
corners of the mask opening and the thickness of the wafer. The central opening in the cover layer acts as a
filter to prevent beads larger than the opening from entering the storage well. Using a double sided aligner a
simple square pattern is etched in the dielectric on the back of the wafer, aligned to the pattern etch in the top.
This bottom opening will act as the filter that captures only beads large than its size. After anisotropically
etching the silicon, both the top and bottom mask layers will remain, producing the integrated “sieves”
necessary for the capture of specifically sized beads. Each well then accepts only beads whose diameters are
smaller than the top window but larger than the bottom opening. Figure 1b shows a photomicrograph of one
such storage well.

Bottom windomr -
canfiker out beads
smalker than 110 pm
Top opening: 110 jon
bottcen opening: 100 pm
(@) (b)

Figure 1: Double sided storage well with size selective capability.

Figure 2 shows the array we have tested. Both glass and agarose beads have been used to test the self-assembly
of the array. Beads were transported in a water solution using a syringe. In this experiment, a drop of liquid was
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placed on the surface of the chip, each drop containing beads of a different size. The liquid carrying the beads is
drawn through the wells using a slight vacuum. The top cover layer windows prevent bigger size beads from
entering an inappropriate well while the bottom window allows smaller size beads to be pulled completely
through. Only beads of appropriate size enter and are retained in a particular location in the array. Once a bead
occupies its pre-set location, the bead in the cavity blocks flow and the well does not capture more beads. We
can also use a wash step to remove beads sitting on top surface of the chip; beads captured in the wells do not
wash away. Figure 3 shows a photomicrograph of an array that was filled using small glass and large agarose

beads.
- S e

9545 um 1055 pm

SN & Nal
fo% i f<>%

13545 pm  165¢5pm 20045 um
Figure 2: Photomicrograph of a storage well array with top and bottom size selective membranes.

Glass bead Agarose bead

110pum glass and 160um agarose beads

Figure 3: Photomicrograph of two storage wells that have self-selected beads of the desired size..

We have also begun the fabrication of a check valve structure compatible with our bead arrays. This is a critical
microfluidic component, since any fluid flow system must avoid back-flow. This structure is also allows
reduction of diffusion transport, one of the limiting factors in cross-talk between elements in an array that uses
displacement assays. Figure 1 shows the general process flow used to make a storage well cover layer with the
asymmetric characteristics required for a check valve. First, a silicon nitride layer is deposited on a silicon
wafer and patterned. The material used as the structural layer is silicon enriched silicon nitride. The ratio of Si
to N is targeted to be 4 to 1, and the film is deposited at 835 °C. Then, a sacrificial layer of poly-silicon is
deposited at about 600 °C and patterned over the markings in the initial nitride layer. Afterwards, another layer
of silicon nitride is placed on top of the sacrificial layer, and is patterned with a narrower opening. Finally, the
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wafer is submerged in KOH at about 65 °C. Since KOH isotropically etches poly-silicon and anisotropically
etches silicon, the poly layer etch enables the separation of the two nitride layers, while the initial opening still
controls the size of the pyramidal cavity in the silicon substrate. Figure 2 shows SEMs of a fabricated device.
Figure 2a shows an overall view of the device, while Figure 2b is a detail view of the two nitride layers. In the
near future, testing of the device will be performed.

Figure 1: Diagram of the general process flow for a check valve that can be integrated with our bead storage
arrays.




(a) (b)

Figure 2: SEM of the fabricated device.

Much of the chemistry used in our bead-based arrays is sensitive to environmental condition such as pH change
and Ca2+ concentration. Hence, we have now begun the design and fabrication of a storage well array that
could have the ability to control such environmental conditions separately in each well using integrated
electrodes. Figure 1 shows a schematic illustration of such a chip. Using a modification of our integrated cover
layer process, it should be possible to from conductive traces in the dielectric layers on top of our storage wells.
The exposed end of this wiring will serve as the control electrode in a given storage well. It would also be
possible to integrate address and sensing electronics into the silicon substrate if necessary. Figure 2 below
shows a photomicrograph of our first prototype. Continued research is required to find optimum wiring and
electrode materials, and to insure their process compatibility with bead storage well fabrication.

Electrode Silicon nitride layers

Conducting wire

Silicon

Figure 1. Cross-sectional view of the microdevice for local electrochemical control.
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Electrode | Bottom opening of
micromachined well

Figure 2: Photomicrograph of the top view of a prototype of the microdevice for local electrochemical control.

Wilson
Statement of problem studied:

The Willson Research Group has investigated methods of deploying the novel molecular recognition
elements developed by collaborating research groups in the MURI program. This effort has focused on a
lithographically fabricated multi-analyte array platform comprised of hydrogel materials. Depending on the
physical scale of the sensing elements, they can either be covalently attached to the hydrogel matrix (e.g.
oligonucleotides probes, and aptamers), or they are merely physically encapsulated, an important strategy for
preserving the biological activity of larger and more complex sensing elements (e.g. antibodies, proteins, cells).
The photolithographic techniques used to construct the arrays are amenable to mass production, and, therefore,
promise to be a low cost alternative to traditional biosensor platforms.

Summary of important results:

The MUFFINS Platform

A multi-analyte sensor array platform has been developed which consists of analyte specific features
that are indexed by shape, which are referred to as Mesoscale Unaddressed Functionalized Features INdexed by
Shape (MUFFINS). The array features are mass produced in batches via contact photolithography from
poly(ethylene glycol)diacrylate hydrogel pre-polymer containing biologically active sensing elements. Sensor
features have been successfully fabricated as small as 50 microns in diameter. Because the each feature type is
indexed by shape, they can be efficiently assembled into randomly-ordered arrays using high-throughput and
inexpensive self-assembly processes. Due to parallel nature of both fabrication and assembly, the MUFFINS
platform promises to be a cost-effective approach towards high-density, multi-analyte sensing (see Figure 1).




MUFFINS Platform
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Pre-Polymer

NN

\VAVAVAYAY

Contact AVAVAVAV/'_\

—— A A

Lithography  ZAN/ZN/ANAL A

\VAVAVAVAY

Photomask 50um MUFFINS

Figure 1: Schematic of contact photolithography process used to fabricate MUFFINS features and bright-field
micrograph showing 50(1m MUFFINS.

Shape Encoding/Recognition

A central tenet to the MUFFINS platform is rapid, accurate, pattern recognition software that can
unambiguously determine the response and identity of each MUFFIN. The existing method of array assembly
requires that MUFFINS be identified, regardless of position, rotation, or even inversion. Although
commercially available software (such as optical character recognition) exhibit accuracy with specifically
oriented characters, the systems fail when characters are rotated or inverted. Therefore, custom pattern
recognition software has been developed, along with a MUFFINS shaping methodology called DOMINOES
(Dots in an Ordered Matrix with INtegrated Orientation Enhancement System). In the DOMINOES systems,
arrays of dots uniquely identify each type of MUFFINS feature. The dot arrays are similar in principle to
barcodes. A 5x5 array of dots can be made quite compact and can encode over 33 million unique combinations.
Three larger dots are placed on the side of the array to assist the software in determining rotation and inversion.
The program takes the micrograph output of a detection array, scans it for dot patterns, and produces a
composite image indicating which sensor features are producing a detection response. Trials of this software
have shown fast and accurate recognition of over 98% of the array features. A picture illustrating the dot
patterns and decoding methodology/process is shown in Figure 2.




Shape Encoding/Recognition of MUFFINS

Micrograph of Array
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Dots

Unique Dot
Pattern

Image
Construction
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Composite Image

Figure 2: Diagram illustrating the dot patterns used to identify each type of MUFFINS feature.

Array Assembly

In order to make the MUFFINS sensing platform viable, a technique had to be developed to efficiently
assemble the individual sensors into a dense but readable array. The individual cylindrical sensors can be set at
the air-water interface of a water filled Petri dish, where the hydrostatic forces in between each individual
sensor will lead to a randomly ordered aggregate. Balancing this force against that of mechanical agitation
allows a sufficiently reversible assembly to enable dense hexagonal-phase packing. If the assembly process is
carried out on a layer of hydrogel pre-polymer rather than water, polymerization of this liquid enables the array
of sensors to be immobilized on the surface of a durable polymer film. Sensing with these arrays can be carried
out by soaking the film in the appropriate DNA hybridization solution, and then rinsing away the unbound DNA
with a series of washes (see Figure 3.) Each film can be reused multiple times.

Figure 3: Images of reusuable hydrogel sensor array (left) brightfield image of 1 X 1.2 cm window of array (center) sensing
of fluorescein labeled DNA sample “A” and (right) sensing of TAMRA labeled DNA sample “T.”

Feature Multiplexing

A novel probe indexing methodology, called feature-multiplexing, has been developed, which
dramatically increases the information density of microarray devices. This methodology breaks from the
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concept of indexing each probe onto an exclusive feature; rather, the probes are indexed such that each is placed
within a unique set of multiplexed features. Using this technique a given number (n) of features can deploy (2"-
2) probes. The efficacy of this technique was demonstrated in a single-nucleotide-polymorphism (SNP)
detection array using the shape-indexed, hydrogel-based MUFFINS-platform. The SNP-detection array was
designed to screen for the presence of twenty-nine cancer causing missense SNPs found within the human p53
gene. The twenty-nine oligonucleotide probes corresponding to these SNPs were indexed into just five
multiplexed-features, constituting an approximate six-fold increase in information density over traditional
indexing methods.

Organizing the probes within the array is the key to increasing the density of the array beyond the
customary limit of one probe per feature. To assign unique loading patterns for the probes used in this study,
each was given a unique number (e.g. 1-29) and binary encryption code corresponding to that number (e.g.
probe 21 = 10101). This unique code defined the loading pattern (the expression for probe 21, “10101”,
indicates that probe 21 is to be placed in features 1, 3 & 5). This process is illustrated in Figure 4.

Binary Encryption of Probes

o 20

0 0 0 1
ggg:g Binary Expression = Loading Pattern

00100
00101
00110
00111
01000

Probe # Binary Exp.

o~NOOA,WN

Figure 4 A graphic representation of the binary encryption process. Probe #1 is loaded into the trapezoid shaped feature.

The benefit to using this binary-number encryption strategy is that it simplifies the process of decoding
the output of the array. The output pattern can be easily converted into a binary-expression, whereby each
feature producing a recognition signal counts as a “1”, and all other features count as a “0”. The binary-
expression identifies the number of the probe that corresponds to the positive detection response. Figure 5
shows micrographs of the p53 SNP detection array detecting target #21 and subsequent binary decoding
process.
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NC Ref1 Ref2 | Bit5 Bit4 Bit3 Bit2 Bit1

Control Features Multiplexed Features

Binary Expression = 1 0 1 0 1
1X24+0X282 +1X22+0X21+1X20 = 21

Figure 5: Bright-field and fluorescence micrographs of the detection response produced by the pS3 SNP detection array; shown with
corresponding binary decoding calculation. The target analyte corresponds to probe #21.

Probe Design Software
A computational method of designing oligonucleotide probes for DNA detection arrays has been
developed. The program automates the probe selection process and optimizes the arrays signal-to-noise
characteristics. It uses the Nearest Neighbor (NN) model to predict the perfect-match (PM) binding affinity of
prospective probe sequences and selects ones that most closely match a pre-defined value. This normalizes the
signal strength of the probes. The program also predicts the mismatch (MM) base pair interactions, thereby
providing an estimate of the cross-hybridizational noise expected from the array. This data is then used to
construct dissociation curves for the PM (signal) and MM (noise) interactions for each probe in the probe-set,
which in turn can be used to forecast the signal-to-noise characteristics of the array as a function of various
hybridization conditions (i.e. temperature, target concentration, and ionic strength). These capabilities enable
the user to optimize both the probes as well as the assay conditions for their DNA detection array. The
binding/dissociation characteristics for a sample probe-set are shown in Figure 6. The predicted signal strengths
are plotted in green, the noise in blue, and the corresponding worst case signal-to-noise ratio in brown.
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Figure 6: The predicted dissociation/binding characteristics for a sample probe-set plotted as a function of temperature.
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SENSOR GROUP

Shear

Statement of the problem studied:

The Shear group has focused on developing and optimizing enzyme-based sensing strategies for array
sensors. In particular, we have addressed a number of factors that have traditionally limited enzyme-based
assays, including limited dynamic ranges, limited types of analytes that can be simultaneously quantified, and
challenges in adapting sensor arrays to permit multiple sensing modalities to be used in parallel.

Summary of the most important results:

We have developed multiple strategies for exploiting the parallel nature of sensor arrays to extend the
dynamic range typically achieved for enzyme-based sensing. Strategies examined to date include: (i) Use of
multiple enzyme isoforms (e.g., lactate dehydrogenase, LDH, from bacteria versus LDH from mammalian
sources); (ii) Use of different ratios of enzymes in multi-enzyme sequences (e.g., glucose oxidase coupled to
HRP); (iii) Measurement of different intermediate products in multi-enzyme sequences (e.g., separate sensors
based on glucose dehydrogenase or galactose dehydrogenase after enzymatic degradation of lactose); and (iv)
Use of different quantities of a reactive “sink™ to extend the working range of an enzymatic sensor (e.g., alcohol
dehydrogenase as a sink together with an alcohol-oxidase reporting scheme). The variety of approaches now
feasible for creating multiple sensor types for a given analyte has substantially extended the versatility and
utility of this approach for array sensing, providing increases in dynamic range of more than an order of
magnitude.

We have identified conditions in which diverse groups of enzymes that rely on different reporting systems
can be implemented within a single “taste-chip” sensor array. In this work, we have collaborated with the
Anslyn group to characterize mixtures containing numerous analytes, including lactate, malate, glutamate,
ethanol, lactose, galactose, and glucose. Analysis across these broad classes of small molecules was
accomplished using combinations of oxidases and dehydrogenases, with the former coupled to horseradish
peroxidase (HRP) to generate quinoneimine dye and the latter employing a synthetic hydride-transfer reagent to
catalyze formation of a tetrazolium dye from NADH. We have found that these sensing strategies can be used
together with minimal interferences, good reproducibility, and sensitivity sufficient to detect a variety of
analytes in samples such as serum and beverages.

We also have pursued a “bead-less” strategy for characterizing various analyte types with improved stability
and sensor density, and in environments that are not easily amenable to interrogation using more conventional
sensor platforms. Here, multiphoton excitation of a photosensitizer is used to elicit cross-linking of a protein
directly onto a coverslip or other planar substrate. The fact that these structures can be made rapidly, where
desired, and with precise 3D architectures makes this an attractive approach for fabrication; moreover, the very
high concentrations of protein that are incorporated into structures offer potential for yielding high densities of
immobilized enzymes, antibodies, and other receptor types. We have evaluated structures comprised of various
proteins, and have demonstrated that cross-linked avidin retains strong and highly specific binding capacity for
biotin, a finding that opens the possibility for creating a diverse range of optical- and electronic-based sensors
for use within cellular environments.
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Bard
Statement of problem studied:

On the basis of coreactant electrogenerated chemiluminescence (ECL) technology, in which tris(2,2’-
bipyridyl)ruthenium(Il) (Ru(bpy);*>") was used as an ECL precursor and tri-n-propylamine (TPrA) as a
coreactant, two different approaches capable of detection of DNA hybridization and determination of C-reactive
protein (CRP) at high amplification with [Ru(bpy)s:]**-containing microspheres were developed. In the first
approach, polystyrene microspheres/beads (PSB) were used as the carrier of the ECL labels. p-ssDNA was
attached to the surface of magnetic beads (MB) and hybridized with t-ssDNA with immobilized PSB containing
a large number of water insoluble Ru(bpy)s>" species. With this approach, a large amplification factor of
Ru(bpy)s>* species for each t-ssDNA can be achieved, when each PSB is attached to a limited number of t-
ssDNA. The newly formed p-ssDNA-MB«t-ssDNA-PSB/Ru(bpy);”" conjugates were magnetically separated
from the reaction media and dissolved in MeCN containing TPrA. ECL was produced upon the anodic potential
scanning from 0 to 3.0 V vs. Ag/Ag’, and the integrated ECL intensity was found to be linearly proportional to
the t-ssDNA concentration in a range of 1.0 fM to 10 nM under optimized conditions. In the second approach,
biotinylated anti-CRP species were attached to the surface of streptavidin-coated magnetic beads (MB) and
avidin-coated polystyrene microspheres/beads (PSB) entrapping a large number of electrogenerated
chemiluminescence (ECL) labels (~10° Ru(bpy)s[B(CeFs)s]o/bead) to form anti-CRP<>MB and
Ru(II)cPSB/Avidin«anti-CRP conjugates, respectively. Sandwich type Ru(Il)cPSB/Avidin<anti-CRP < CRP
> anti-CRP<>MB aggregates were formed when Ru(I[)cPSB/Avidin<»anti-CRP was mixed with anti-
CRP<>MB conjugates in the presence of analyte CRP. The newly formed aggregates were magnetically
separated from the reaction media and dissolved in MeCN containing tri-n-propylamine (TPrA) as an ECL
coreactant. ECL was carried out with a potential scan from 0 to 2.8 V vs. Ag/Ag’, and the ECL intensity was
found to be proportional to the analyte CRP concentration over the range of 0.010-10 pg/mL. The CRP
concentration of an unknown human plasma specimen was measured by the standard addition method based on
this technique. Elimination of the nonspecific adsorption of the CRP system with several different blocking
agents was also studied and 2.0% bovine serum albumin (BSA) was found to be best.

Summary of results:

1. Exploration of two different approaches of DNA/protein immobilization, separation and detection.

(a) DNA hybridization detection at high amplification with Ru(bpy)s;>*-conatining microspheres. Figure 1
schematically shows the general principle of this technique. A known ssDNA (probe ssDNA) is first attached to
the surface of a magnetic bead, then the complementary ssDNA (t-ssDNA) coated polystyrene bead loaded with
a huge number of ECL labels hybridizes with the probe ssDNA. The t-ssDNA-contained
Ru(bpy)s>*/polystyrene beads are magnetically separated and transferred into an acetonitrile solution, in which
polystyrene beads dissolve and the ECL label is released. This is followed by an ECL detection of the released
ECL label mixed with a coreactant such as TPrA solution at an electrode.
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Figure 1. Schematic diagram of DNA hybridization a polystyrene bead as the ECL label carrier and a magnetic
bead for the separation of analyte-contained ECL label/polystyrene beads.

(b) CRP determination at high amplification with Ru(bpy)s**-conatining microspheres. Figure 2 schematically
displays the general principle of this technique. A magnetic bead (MB) immobilized with an antibody is mixed
and reacts with an antibody-coated PSB pre-loaded with a large number of ECL labels in the presence of the
antigen (analyte) species to form a sandwich-type MB < antigen > PSB aggregate that is separated magnetically
from the reaction medium and transferred into an acetonitrile solution where the PSB is dissolved and the ECL
label released. This is followed by an anodic ECL detection of the released ECL label using tri-n-propylamine
(TPrA) as the coreactant, and the ECL signal produced within in a certain potential range is detected with a
photomultiplier tube or CCD camera.

. Magnetic bead

ECL label loaded

J_ +.’ A polystyrene bead
_“ }‘ Antibody
. Antigen

Y v

Aggregates Dissolusion in MeCN and
m— - | ECL Test Using TPrA as a Coreactant

Figure 2. Schematic diagram showing the formation of a sandwich type aggregate between an antibody-coated
MB and an antibody-coated PSB containing entrapped ECL labels in the presence of the antigen species, and
the separation of the newly formed aggregate with a magnet as well as the subsequent dissolution and ECL
detection in MeCN using TPrA as the coreactant.

2. Modification of t-ssDNA with ECL Tag. t-ssDNA was mixed directly with ECL tag in DMSO/MeCN with or
without trace amounts of water to covalently attach ECL labels to the end of the ssDNA. This approach was
more convenient than DNA labeling with Ru(bpy)s>* species carried out during the process of DNA synthesis,
which requires the use of an automated DNA synthesizer.

3. Elimination of nonspecific adsorption for immobilized DNA determination. Nonspecific adsorption of the
labeled species was significantly reduced by using a series of electrode treatments, such as blocking free —
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COOH groups with ethanolamine, pinhole blocking with BSA, washing with EDTA/NaCl/Tris buffer and
spraying with inert gases.

4. Selection and synthesis of Ru(bpy):>" contained ECL labels that can diffuse and be maintained within
polystyrene beads. Tris(2,2'-bipyridyl)ruthenium(Il) tetrakis (pentafluorophenyl) borate (Ru(bpy)s;[B(CgFs)s]2)
was used as the ECL label for such a purpose. This complex (Figure 3) can be effectively loaded into
polystyrene beads using a suitable organic solution and maintained entrapped within the beads during a series of
modification of the beads in aqueous solutions. The complex was prepared by a metathesis reaction between
Ru(bpy);Cl, and Li[(B(CgFs)4)]'nEt;O (n = 2-3) in water.

2

Figure 3. Chemical structure of Ruthenium(II) tris(2,2'-bipyridine) tetrakis(pentafluorophenyl)
borate

5. Effective loading of the ECL labels into polystyrene beads. As shown in Figure 4, PSB modified with carboxyl
groups are swelled in organic solvent/ECL label solution. The water-insoluble ECL labels diffuse into the
polymer matrix, and are entrapped when the solvent is removed from the beads by vacuum evaporation or transfer
to an aqueous phase. For 10 um —COOH modified polystyrene beads, about 10° Ru(bpy)s[B(CsFs)s]> molecules
per bead has been found.
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Carboxylate-modified . qu¢8‘»~
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Figure 4. Internal loading of ECL labels into polystyrene beads.




6. The effective loading of the ECL labels into the polystyrene beads can be visually verified via their fluorescent
images (Figure 5a) and the uniformity of the avidin layer on the surface of Ru(II)cPSB was suggested by the
bright green fluorescent image of Ru(II)cPSB/avidin after the beads reacted with fluorescein biotin (Figure 5b).

Figure 5. Fluorescent images of 10 pum diameter carboxylate polystyrene beads: (a) after entrapping of
Ru(bpy)s;[B(CsFs)s]2, and (b) after covalent binding of avidin onto the surface of Ru(bpy);[B(CsFs)s]> loaded
beads. The exposure time was 30 s. The specimens were excited at Aex ~490 nm.

7. DNA hybridization between p-ssDNA-MB and c-ssDNA-PSB/Ru(bpy);>*, and magnetic separation are
illustrated in Figure 6.

10 um

Figure 6. A SEM image obtained after the DNA hybridization between probe DNA-MB and complementary
DNA-Ru(II)cPSB/Avidin.
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7. Sandwich type Ru(II)cPSB/Avidin—anti-CRP < CRP > anti-CRP<>MB aggregates were formed when
Ru(II)cPSB/Avidineanti-CRP was mixed with anti-CRP<>MB conjugates in the presence of analyte CRP.
ECL detection of CRP was accomplished in 0.10 M TPrA-0.055 TFAA-0.10 M (TBA)BF; MeCN at a Pt
electrode after the PSB < CRP > MB aggregates were dissolved in this solution. With this technique, the CRP
detection limit is as low as 0.010 pg/mL, which is lower than those obtained from most of the presently
available automated high-sensitivity CRP assay systems. CRP detection for human plasma was conducted with
the traditional standard addition method to avoid possible sample matrix effects, and the CRP value obtained
was consistent with the literature data. Nonspecific adsorption in CRP immunoassay was also studied using
several different blocking agents, including 0.5% Triton X-100, 10% SuperBlock blocking buffer in PBS, 2.0%
BSA, and combination of these. 2.0% BSA was found to be the best for the CRP system.

Category 5
Technology Transfer

Over the course of the execution of this grant, a number of companies have been started based in part on the
technologies that have been described. In particular, the company Archemix (Boston, MA) was started in part
based on aptamer and aptazyme array technologies.

Other technologies, such as the antibody display technologies that have been developed by the Georgiou
/ Iverson labs, and the electronic tongue technologies developed by McDevitt, Anslyn, Shear, and Neirkirk,
have been productively licensed.

Finally, the research that has progressed under the auspices of this grant continues to be funded for
development and commercialization. Some of the grants that have recently been awarded for further

development of these technologies include:

. HSARPA SBIR with Echo Technical (HSB04.1.002); Contract number UTA04-312 (4/15/04 —
10/15/04)

. HSARPA SBIR with Accacia International; Solicitation FY04.1; Topic H-SB04. 1-002; (currently under
negotiation)

. HSARPA SBIR with BioElectroSpec, Inc.; (HSARPA FY04.1); UTAA04-352

. HSARPA SBIR with Fluence (Topic No. H-SB04.1-002); UT OSP#300400205
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